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Measurement of the omplete nulide prodution and kineti energies of the system
136
Xe + hydrogen at 1 GeV per nuleon.
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We present an extensive overview of prodution ross setions and kineti energies for the omplete
set of nulides formed in the spallation of
136
Xe by protons at the inident energy of 1 GeV per
nuleon. The measurement was performed in inverse kinematis at the FRagment Separator (GSI,
Darmstadt). Slightly below the Businaro-Gallone point,
136
Xe is the stable nulide with the largest
neutron exess. The kinemati data and ross setions olleted in this work for the full nulide
prodution are a general benhmark for modelling the spallation proess in a neutron-rih nulear
system, where ssion is haraterised by predominantly mass-asymmetri splits.
I. INTRODUCTION
In reent years, a vast experimental ampaign has been
dediated to the measurement of spallation reations at
relativisti energies at the FRagment Separator [1℄ (GSI,
Darmstadt). The installation of a target of liquid hy-
drogen or deuterium [2℄ and the ahromati magneti
spetrometer [3℄ adapted to inverse-kinematis experi-
ments were the tools for olleting high-resolution mo-
mentum measurements and extrating prodution ross
setions for eah residue, identied in mass and nu-
lear harge. Several systems, either favoured for un-
veiling new physial aspets or diretly relevant for ap-
pliations were studied. In spallation reations, a large
amount of the ross setion whih does not result in s-
sion fragments aliments the prodution of heavy nulides;
these heavy residues are, on average and almost inde-
pendently of the neutron enrihment of the projetile,
less neutron-rih than beta-stable nulides. This prop-
erty makes neutron-rih nulei an ideal spallation tar-
get for oneiving high-intensity neutron soures. Sys-
tems like
197
Au(800AMeV) + p [4, 5℄,
208
Pb(500AMeV) + p
[6, 7℄,
208
Pb(1AGeV) + p [8, 9℄,
208
Pb(1AGeV) + d [10℄,
238
U(1AGeV) + p [11, 12, 13, 14, 15℄,
238
U(1AGeV) + d
[16, 17℄, were measured to study sequential evaporation,
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and its intriated ompetition with ssion. The mea-
surement of
56
Fe+p at various energies [18, 19℄ foused
the attention on systems below the Businaro-Gallone
point [20, 21℄, in the ssility region where the saddle point
beomes unstable towards asymmetri splits, and revived
the disussion on the intermediate-mass-fragment forma-
tion in spallation.
Already twenty years ago, experiments in diret kine-
matis [22, 23, 24, 25, 26℄ foused on the ontribu-
tion of this proess in spallation; the orresponding phe-
nomenologial disussions [27, 28, 29, 30℄ suggested in-
terpretations beyond the general ssion-evaporation pi-
ture [31, 32℄ and in line with the onset of multifrag-
mentation (reviews on this proess an be found in
Ref. [33℄). A spei analysis of kinemati features on-
neted to the intermediate-mass fragment formation in
the
56
Fe(1AGeV) + p system [18℄ and in the muh heav-
ier system
238
U(1AGeV) + p [14℄ pointed out the dif-
ulty of onneting this proess exlusively to ssion.
In the former system, the presene of multifragmenta-
tion was proposed as a relevant ontribution. In the
latter, the intermediate-mass-fragment formation was in-
terpreted as ssion events haraterised by asymmetri
splits, although surprisingly high ssion veloities were
observed. The modelling of the spallation reation at
relativisti inident energy depends largely on the degree
of understanding of suh a proess.
In this respet, the measurement of an intermedi-
ate system was required to omplete the survey on
intermediate-mass-fragment formation. A new experi-
ment was dediated to the measurement of the om-
plete residue prodution and the kinemati of the re-
ation
136
Xe(1AGeV) + p .
136
Xe is the stable nulide
with the largest neutron exess N − Z, with a ssil-
ity below the Businaro-Gallone point. It is therefore
best-suited for studying simultaneously the proess of
2intermediate-mass-fragment formation over a large range
of light masses and the prodution of heavy evaporation
residues from a system whih has a neutron-to-proton ra-
tio N/Z lose to lead on the one hand, and in a ssility
region where symmetri splits have low probability on
the other hand.
After a desription of the experimental proedure, we
present the measured ross setions for the prodution
of fully identied nulides formed in the reation and
the measured kineti energies as a funtion of the mass
of the residues. The ompilation of ross setions and
kineti energies olleted in the present work is the rst
to ontain a large experimental survey on intermediate-
mass-fragment prodution whih extends to the heavy-
residue prodution.
II. EXPERIMENTAL PROCEDURE
The fragments were produed in inverse kinematis by
direting a primary beam of
136
Xe at 1 A GeV on a target
of liquid hydrogen ontained in a ryostat with thin tita-
nium windows. The projetile residues were then anal-
ysed in-ight, using the inlusive measurement of their
momenta along the beam axis. The plaement of the de-
tetors in the FRagment Separator for this experiment
is skethed in Fig. 1. In the target area a beam-urrent
monitor was plaed to measure the primary-beam inten-
sity. The positions where the trajetories of the frag-
ments interset the dispersive foal plane (xDFP) and
the terminal foal plane (xTFP) were registered by two
sintillation detetors. Their ombined signals provided
in addition the measurement of the time of ight. The
fragments of
136
Xe, whih at relativisti inident energies
are fully stripped with high probability, were identied
in nulear harge Z by two ionisation hambers plaed in
front of the terminal foal plane.
The primary beam did not only interat with the hy-
drogen ontained in the ryostat, but also with the ryo-
stat itself, wrapped into insulating Mylar foils, and with
the other layers of matter present in the target area, like
the beam-urrent monitor and the aelerator vauum
window. To measure the ontribution of non-hydrogen
target nulei, the experiment was repeated under equal
onditions, by replaing the liquid hydrogen target with
an idential empty sample. Table I lists the omposition
and the thiknesses of all layers of matter plaed in the
beam line during the experiment.
A. High-resolution ahromati mode
In essene, the magneti onguration of the spetrom-
eter is based on four bending setions delimited by an
initial foal plane, where the target is plaed, and a ter-
minal foal plane. The rst pair of bending magnets and
the seond pair, with average magneti elds B and B′,
respetively, onstitute two portions of the spetrometer
TABLE I: List of layers interposed along the beam line in
the target area and in the dispersive-plane region.
Material Thikness [mg/m
2
℄
Target area:
Vauum window Ti 4.5
Beam-urrent monitor Ti 13.5
Mylar foils C5H4O2 4.15
Front target windows Ti 18.15
Liquid hydrogen H2 87.3
Rear target windows Ti 18.15
Mylar foils C5H4O2 4.15
a
Dispersive plane:
Sintillator C9H10 475.45 (C) + 44.025 (H)
Degrader (wedges) Al 816.6
b
a
Mylar is oated with 0.1 mg/m
2
of aluminium
b
For the referene trajetory.
with opposite dispersion fators. The spetrometer has
maximum dispersion in the entre of the dispersive fo-
al plane (xDFP) and was set to be ahromati. More
preisely, xDFP is related to the momentum deviations
δp = (p− p0)/p0 with respet to the referene trajetory
p0, in the rst dispersive setion, and δp
′
, in the seond
dispersive setion, by
Dδp+ gxIFP = xDFP = D
′δp′ + g′xTFP, (1)
where xIFP and xTFP are the displaements in the initial
and terminal foal plane, respetively, from a referene
trajetory whih, by onveniene, was hosen to interset
all foal planes in their entres. D and D′ are dispersion
onstants; g and g′ are the magniation fators mea-
sured when moving from the extremes of the beam-line
towards the dispersive foal plane. The three optial pa-
rameters D, D′ and g′ were measured with unertainties
of 0.7%, 2.7% and 1%, respetively, in an initial ali-
bration run and later kept xed to onstant values for
the whole experiment. We did not need to measure g
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FIG. 1: (Color online) Layout of the FRagment Separator.
The positions of the four dipole magnets, the foal planes and
the main detetors are shown in a horizontal plane view, in
sale along the beam diretion. The limited angular aep-
tane of ≈ 15 mrad in the laboratory frame is indiated.
3as the beam hits the target in the entre of the initial
foal plane. As eq. (1) shows, the momentum deviation
of the fragments is ompletely dened by the displae-
ments xDFP and xTFP, whih were measured by plaing
a sintillator detetor in eah of the orresponding foal
planes. By substituting the momentum deviation δp by
the magneti-rigidity deviation δ(Bρ) = (Bρ−Bρ0)/Bρ0
with respet to the referene trajetory Bρ0, eq. (1) leads
to the two equations that govern the data analysis:
Bρ = B · ρ0
(
1 +
xDFP
D
)
, (2)
(Bρ)′ = B′ · ρ′0
(
1 +
xDFP − g
′xTFP
D′
)
. (3)
The urvature radii ρ0 and ρ
′
0 were kept xed for the
whole experimental run. In order to san the full distri-
bution of magneti rigidities of the fragments, the mag-
neti elds B and B′ had to be hanged several times
due to the limited aeptane in magneti rigidity, whih
selets ranges of around 3% for eah individual magneti
setting (B,B′) in the dispersive foal plane. In order to
keep all the optial parameters stritly unhanged, the
magneti elds of the ensemble of magnets were saled
by equal fators for the rst and the seond dispersive se-
tion, respetively. These two fators should dier slightly
in order to keep the range of elements seleted by the
spetrometer xed for a set of measurements.
B. Separation of fragments
As the time of ight ould be measured between the
dispersive and the terminal foal plane, we ould asso-
iate a mass-to-harge ratio A/Z to eah fragment having
magneti rigidity (Bρ)′ in the seond dispersive setion:
A
Z
=
1
c
e
m0 + δm
(Bρ)
βγ
, (4)
where  is the veloity of light, e the eletron harge mag-
nitude, m0 the nulear mass unit, δm = dM/A the mass
exess per nuleon, and βγ the relativisti fator, whih
is determined in the laboratory frame in longitudinal di-
retion.
Due to the limited aeptane in magneti rigidity, the
sanning of the whole A/Z distribution of fragments re-
quired several magneti-eld salings. When thik layers
of matter are inserted between the two dispersive se-
tions, the fragments lose part of their kineti energy as
a quadrati funtion of the harge, and their magneti
rigidities hange. This property an be exploited[34℄: it
imposes a harge-seletion in the seond dispersive se-
tion whih an be employed to measure restrited groups
of elements. For this purpose, we used an aluminium
layer (degrader) of 816.6 mg/m
2
in the beam line and
seleted three bands of nulides entred around silver,
zin and aluminium, aording to the expetation that
the prodution yields do not vary largely within eah sin-
gle band. The aluminium degrader was shaped in order
not to perturb the ahromati mode.
III. ANALYSIS
The rst step of the analysis onsisted of identifying
eah fragment in nulear harge Z by alibrating the
ionisation hambers and in mass A from the magneti
rigidity and the time-of-ight measurement of their mo-
mentum in the seond dispersive setion of the spetrom-
eter. Afterwards, from the knowledge of the A/Z ratio
and the magneti rigidity measured in the rst dispersive
setion of the spetrometer, the momentum was dedued
a seond time with higher preision than from the time-
of-ight measurement. Hene, a high-resolution distri-
bution of longitudinal reoil veloities in the projetile
frame vb‖ was assoiated to eah reation produt iden-
tied in nulear mass and harge. These distributions
were normalised to the beam dose per target thikness,
and the parasiti eet of the reations in layers diering
from hydrogen was removed, so that the integral of the
distribution was equal to the measured prodution yield
I for eah nulide. The analysis then foused on the
shape of these spetra whih, without a dediated analy-
sis proedure, were still not diretly suited for extrating
the physial quantities related to the kinematis and the
prodution of the reation. In order to reonstrut the
full distribution of emission veloities, independent of the
experimental onditions, the geometry of the angular a-
eptane of the spetrometer was aurately aounted
for. This reonstrution was neessary for extrating the
prodution yield of eah nulide as well as the kineti-
energy distributions. Finally, the formation ross setion
σ for eah primary reation produt was extrated from
the prodution yield by aounting for the seondary re-
ations indued by the primary fragments in the hydro-
gen target and in the dispersive plane, where a sintillator
detetor and a degrader were plaed.
A. Nulide identiation
The relativisti fator β in eq. (4) is the ratio β = ℓ/ct,
where ℓ is the path length, whih is given by ℓ0 = 36m for
a fragment entred at all foal planes, and t is the atual
time of ight. t ould not be dedued diretly from the
measured time of ight t′ due to non-linear eets of the
light-propagation time in the sintillating detetors (re-
sulting into quadrati terms in the path xDFP and xTFP)
and an amplitude dependene on the harge of the signal.
In order to extrat the atual values of ℓ and t, a set of
eight oeients ki, was introdued in the form:
ℓ = ℓ0 + k1xDFP + k2xTFP, (5)
t = k3 + k4t
′ + k5x
2
DFP + k6x
2
TFP + k7e
−k8Z
2
. (6)
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FIG. 2: (Color online) Ensemble of all events, identied in
nulear harge and mass. The overlapping bands a, b and 
orrespond to the three groups of magneti settings for nu-
lide distributions entred around
120
Ag,
69
Zn and
24
Al, re-
spetively. The band , orresponding to light nulides, is
enlarged to emphasise the quality of the isotopi resolution.
The terms ki were dedued by numerial optimisation
and used for the whole data analysis.
The full nulide identiation was obtained from
eq. (3) and eq. (4). The raw data are shown in Fig. 2,
where all the events olleted in the experiment are shown
as a nulide identiation plot.
B. Beam dose per target thikness
The number of events registered in dierent settings
of the separator magnets were normalised to the same
beam dose in order to have onsistent weights. The nor-
malised ounts N(i), registered for an individual experi-
mental run i, determined by a spei magneti setting,
are obtained dividing the number of events n(i) by four
oeients:
N(i) =
n(i)
abfb(i)[1 − τ(i)]αH2
, (7)
where ab is a oeient to onvert the seondary-eletron
urrent produed by the primary beam into the number
of projetiles impinging on the target, fb(i) is a measure-
ment of the primary-beam urrent by the beam-urrent
monitor [35℄, τ(i) is the measured relative dead time of
the data aquisition system and αH2 is the number of
nulei per area of the liquid hydrogen.
The oeient ab was dedued in a dediated measure-
ment: the beam-urrent monitor was alibrated in om-
parison with a sintillation detetor following the method
desribed in ref. [36℄. The spill struture digitised by the
two detetors is shown in Fig. 3. After aurately sub-
trating the oset of the beam-urrent monitor and inte-
grating the reorded ounts over eah spill, a quadrati
dependene of the partile ounting as a funtion of the
beam intensity was obtained due to the saturation of the
sintillation detetor, as shown in the inset of Fig. 3.
The oeient ab was dedued as the initial slope of the
funtion, with an unertainty of 1%. In a previous exper-
iment [37℄ a slight dependene of this oeient with the
position of the beam spot on the target (whih has a u-
tuation of the order of one millimetre) was estimated to
introdue an additional unertainty of around 5%, whih
we apply to the present data.
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FIG. 3: (Color online) Beam-urrent monitor alibration.
Superposition of ounts in the beam-monitor (oloured spe-
trum, axis label on the left) and ounts in the sintillator
(white-lled spetrum, axis label on the right). The beam-
monitor spetrum is multiplied by the parameter ab, that
oinides with the alibration slope (solid line) shown in the
inset.
C. Longitudinal reoil veloities
One a fragment is identied in mass and harge, its ve-
loity is diretly obtained from the magneti rigidity. As
no further layer of matter was present behind the target
in the whole rst dispersive setion of the spetrometer,
the relativisti fator βγ in the laboratory frame in lon-
gitudinal diretion ould be dedued more preisely from
the magneti rigidity Bρ, dened in eq. (2), rather than
5from (Bρ)′, dened in eq. (3), so that
(βγ)L‖ = Bρ
1
c
e
m0 + δm
Z
A
. (8)
To hange from the (βγ)L‖ fator in the laboratory
frame to the longitudinal veloity vb‖ in the beam frame,
the energy loss in the target was taken into aount. In
partiular, we assumed that the average position where
the ollision ours orresponds to half of the total thik-
ness of the ensemble of layers present in the target area
(listed in table I). We dened the beam frame in or-
respondene with the veloity of the projetile at this
position. The high preision in deduing reoil veloities
for individual reation produts is given by the measure-
ment of Bρ (or (βγ)L‖ ), whih has a relative unertainty
of only 5 ·10−4 (FWHM). However, to aess the reation
kinematis, the details of the shape of the longitudinal-
veloity distribution dN(vb‖ )/dv
b
‖ had to be examined for
eah nulide.
In setion I we explained that the spetrometer has a
limited aeptane in momentum; for this reason the full
longitudinal momentum distribution for a single nulide
was onstruted by omposing several measurements ef-
fetuated with dierent magneti settings. The spe-
trometer has also a limited aeptane for the emission
angles so that it an be demonstrated that the measured
spetra for intermediate-mass fragments are lose to in-
variant ross setions [18℄. This problemati is revisited
in detail in setion IIID. Another tehnial diulty was
the ontribution to the spetrum dN(vb‖ )/dv
b
‖ of rea-
tions ourring in any layer of the target area other than
0
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FIG. 4: (Color online) Subtration of the ontribution of
non-hydrogen target nulei (label d, for dummy) to obtain
the measured veloity distributions for
11
B,
48
Ti and
114
Sn.
The left spetra represent the full measured ontribution to
the veloity distribution assoiated to the hydrogen target
(olour-lled histograms) and to non-hydrogen target nulei
(blak-lled histograms), while the right spetra represent the
dedued hydrogen ontribution alone. The ontribution from
the windows is large for light fragments (
11
B,
48
Ti) and neg-
ligible for heavy residues (
114
Sn).
liquid hydrogen. To solve this problem, all experimen-
tal steps were repeated under equal onditions with an
empty-target sample in order to dedue the longitudinal-
veloity distribution dN ′(vb‖ )/dv
b
‖ , related to parasiti re-
ations in the target area in all layers other than hydro-
gen. The measured distribution of yields dI(vb‖ )/dv
b
‖ was
diretly obtained as the dierene between the two distri-
butions dN(vb‖ )/dv
b
‖ and dN
′(vb‖ )/dv
b
‖ , both normalised
to the number of nulei per area of liquid hydrogen αH2 .
It should be remarked that, while the parasiti layers
of matter have been designed to be as thin as possible so
as to maximise the relative prodution in hydrogen, they
still indue, on average, more violent reations, resulting
in the prodution of intermediate-mass fragments with
large yields. As a onsequene, in the intermediate mass
range, the parasite ontribution an exeed 50%. This
fat, illustrated in Fig. 4, required the same auray
for the measurement of the parasite reation as for the
prodution in the full target. In the ase of nulides
produed by reations of harge exhange, the parasite
ontribution was smaller than 4% for Cs isotopes and
smaller than 5% for Ba isotopes.
D. Reonstrution of the angular aeptane
By employing the method exposed so far, for eah
individual nulide we measured a longitudinal-veloity
spetrum dI(vb‖ )/dv
b
‖ . This is the distribution of the
longitudinal-veloity omponent vb‖ in the projetile
frame orresponding to the portion of the veloity-spae
distribution dσ/dvb seleted by the angular aeptane.
The veloity-spae distribution ould be reonstruted by
a deonvolution proedure [18℄, diretly from the mea-
sured spetrum dI(vb‖ )/dv
b
‖ . Fig. 5 presents in the left
olumn the measured longitudinal-veloity spetra for
three intermediate-mass fragments. The orresponding
reonstruted veloity-spae distributions are shown in
the right olumn by planar uts along the beam axis.
The boundary lines on the planar uts indiate the angu-
lar aeptane of the spetrometer. The probability that
a fragment is emitted within these boundaries is dened
as the transmission probability, whih is equal to unity
for the heaviest residues and drops to smaller values for
light fragments.
For light elements up to silion, the reonstrution of
the veloity-spae distribution was eetuated in rela-
tion with two omponents whih ould be disentangled
in the measured longitudinal-veloity spetra, as illus-
trated in Fig. 5. In general, we observe that the shape
of the longitudinal-veloity spetra for the intermediate-
mass fragments evolves between two extreme patterns,
haraterised by a onave and by a onvex entre, re-
spetively. Physially, these two modes reet the ation
of the Coulomb eld, whih ats in dierent ways depend-
ing on the deay proess. The veloity-spae distribution
of the onave mode is an isotropi shell in the frame of
6the emitting soure; this is the eet of the Coulomb re-
pulsion in deay proesses with low fragment multipli-
ity and high fragment-size asymmetry like, for instane,
asymmetri splits in ssion or multifragmentation events
haraterised by a low multipliity of fragments. The
onvex mode an be assoiated with two very dierent
proesses: either residues of sequential evaporation, or a
muh more violent proess of multifragmentation in sev-
eral piees of omparable size. The asymmetry of the
onave omponent an be fully desribed as a trivial
eet of the angular aeptane (the integral of the for-
ward peak is 14% larger that the integral of the bakward
peak for
11
B and 12% for
31
Si). On the other hand, we
attribute the asymmetry of the onvex omponent mainly
to the mixing of emission proesses assoiated with dif-
ferent soures: we assume in fat that a large range of
exitation energies involved in the formation of a given
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FIG. 5: (Color online) Left olumn. Measured veloity dis-
tributions for three nulides:
11
B,
20
F,
31
Si. All spetra are
normalised to the same integral value. The spetra are tted
(green urves) in order to determine the onave (red urves)
and the onvex (blue urves) omponents; see text. Right ol-
umn. Planar uts along the beam axis of the reonstruted
veloity-spae distribution dσ/dvb in the beam frame. All
distributions, reonstruted from the orresponding measured
veloity distributions, are normalised to the same integral
value and desribed by a logarithmi evolution of the olour,
where the span from blue to pale red orresponds to a fator
of two in the intensity. The two lines indiate the boundaries
of the angular aeptane, inside of whih the fragments ould
be measured.
intermediate-mass fragment would be reeted in a large
range in momentum transfer, whih is a quantity related
to the violene of the reation [38℄.
The deonvolution proedure is performed assuming
that the veloity-spae distribution is omposed of sev-
eral emission proesses, whih are symmetri with respet
to the longitudinal axis; we assoiate the onave mode
to one isotropi soure and we desribe the asymmetri
shape of the onvex omponent by several soures with
the same Gaussian shape and dierent weights. For de-
tails see ref. [39℄. The distribution of the emitting soures
has to be dedued by an optimisation proedure. The
hypothesis of isotropi emission from a given soure is
adapted to relativisti ollisions [18℄ and would not be
valid any more at Fermi energies. As shown in Fig. 6, the
transmission probability obtained by the deonvolution
proedure is very dierent for the two kinematial modes.
Also the unertainties dier remarkably: the large er-
ror bars for the onvex mode reet the unertainty in
deduing the distribution of emitting soures and, more
generally, the diulty in determining the width of the
distribution of the transverse veloity assoiated to this
mode. In ontrast to this, the onave mode is well-
ontrolled even at muh lower transmission. In Fig. 6 the
mass evolution of the transmission probability for inter-
mediate mass fragments is shown: it is the omposition
of the transmission probability for the onave and on-
vex modes and is labelled as multiple-soure approah,
to indiate that the deonvolution was performed under
the assumption that several soures were involved.
For elements above silion the two kinemati modes
an not be disentangled any more beause the measured
integral of the onave mode dereases with respet to
the onvex mode and the spaing between the two humps
of the onave mode redues. Besides, the method de-
sribed so far is neessary if the measured spetra are
haraterised by a large dispersion of emitting soures,
and if, in partiular, the onvex mode shows a sizable
asymmetry and is globally displaed with respet to the
onave mode. In this respet, above silion, this method
is muh less justied beause the whole shape of the
measured spetra tends to be symmetri and Gaussian
(this trend is visible in Fig. 5). We assumed in this ase
that all soures alimenting the emission of a given frag-
ment oinide and that the kinematis is fully isotropi.
This simpliation was applied in the same manner in the
analysis of light fragments produed in the spallation of
iron [18℄ where the soure veloities of the two kinemati-
al modes ontributing to the prodution of fragments of
a given mass were about the same. The mass evolution of
the transmission probability alulated with this simple
assumption is shown in Fig. 6 and is labelled as unique-
soure approah, to indiate that the deonvolution was
performed with the assumption that the whole kinemat-
is ould redue to one single soure. The smooth fun-
tion is the result of a t and the unertainty ontains the
sattering around the funtion. Suh unertainty reets
the quality of the experimental veloity spetra, whih
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FIG. 6: (Color online) Evolution of the transmission prob-
ability as a funtion of the mass of the fragments, dedued
assuming their emission geometry to be either related to one
unique soure or related to more soures. In the latter ase,
the kinematis is assumed to be the omposition of the on-
ave and the onvex mode. The transmission evaluated sepa-
rately for the two kinematial modes is also shown.
are aeted by low statistis in the region of the lowest
prodution yields (around half the mass of the projetile);
it reets also the numerial diulties in the deonvolu-
tion when the transmission probability approahes unity
(for A ≈ 80): in that ase, the shape of the angular a-
eptane aets the results strongly. Above A ≈ 100 all
fragments math the aeptane and the alulation is
trivial. For omparison, the transmission probability for
fully isotropi emission is also alulated for the light-
est fragments and ompared with the multiple-soure
approah in Fig. 6. The dierene between the two ap-
proahes is up to 30%.
E. Extration of primary prodution ross setions
To extrat the prodution ross setion from the pro-
dution yields, we had to orret for the ourrene of
seondary reations in the layers of matter present along
the beam-line. Seondary-reation produts formed in
the dispersive plane have dierent onsequenes on the
measurement than those formed in the target area.
A seondary-reation produt formed in the dispersive
plane deviates from the trajetory related to the mag-
neti rigidity of the orresponding mother nuleus, it is
spatially separated by the ion optis and, with high prob-
ability, not transmitted. We orreted for the loss of the
primary prodution by alulating the attenuation of the
beam of fragments when traversing the sintillator de-
tetor and the degrader. The probability for a nuleus
(A0, Z0) to traverse a layer of matter of χ atoms per area
without interating is equal to P0 = exp[−σ0 · χ], and
depends on the total reation ross setions σ0. The to-
tal reation ross setions were alulated aording to
the model of Karol [40℄ modied by Brohm [41℄, with an
unertainty of 5%. The orretion to apply as a multi-
pliative fator to the measured yields is equal to 1/P0
and varies from around 1.05 for the lightest fragments
to 1.15 for the heaviest residues; it is illustrated as a
funtion of the mass number of the measured residue in
Fig. 7(a).
When seondary-reation produts are formed in the
target area (liquid-hydrogen target), suppressing the se-
ondary fragments by the magneti spetrometer is not
possible beause they are produed before entering both
dispersive setions: at the same time and with no dis-
tintion we measure a slightly redued distribution of
primary reation produts together with a distribution of
seondary reation produts. No diret experimental ob-
servables an be related to the loss and gain of prodution
yields due to seondary reations in the target area. Even
though formally we an establish exat relations between
the primary- and seondary-reation fragments, these re-
lations require the knowledge of the nulide-prodution
ross setions in the reation between primary fragments
and the target. The orretion is therefore dependent on
the reation model we apply.
The nulide-prodution ross setions in the se-
ondary reations were alulated by oupling the mod-
els BURST [42℄ and ABLA [42, 43, 44℄; the former is a
parametrisation of the intra-nulear asade, the latter
models the deay of hot fragments. To alulate the or-
retion fator we used the same method of Ref. [45℄, em-
ployed in the analysis of a reent experiment on the spal-
lation of
238
U [12℄. The method evaluates the seondary-
prodution yields in a thik target in inverse kinematis
at relativisti energies. In the analysis of the spallation of
238
U the method onsidered deays by evaporation and
ssion; in the present analysis, we employed this method
in a redued form, exluding ssion, even though we ex-
pet its ontributions in the prodution of intermediate-
mass fragments in the spallation of xenon. The modelling
of these partiular hannels are not well ontrolled at this
inident energy due to a lak of experimental data. For
this reason, the orretion fator was set equal to unity
for light fragments. Sine heavy fragments are mostly
produed by evaporation, their orretion fator is not
muh aeted by this limitation. The result of the al-
ulation is shown in Fig. 7(b) on a nulide hart. The
orretion fator (multipliative oeient applied to the
measured prodution yields) aounting for seondary re-
ation in the target area is set to 1 for the lightest frag-
ments up to aluminium. It then dereases gradually from
unity down to about 0.8 for the isotopes of nikel; it in-
reases monotonially for heavier elements and in the re-
gion of zironium it exeeds unity, up to the largest value
1.06 attained in proximity of 136Xe .
The global eet of the seondary reations in the tar-
get is to redue the yields of the heaviest elements in
favour of those fragments having around half the mass of
the projetile, whih are also the least produed. More in
8detail, due to the tendeny of evaporation residues to mi-
grate towards the neutron-deient side of the hart of
the nulides, seondary reations substantially inrease
the yields of the less neutron-rih fragments. This ten-
deny is illustrated in Fig. 7(b) and in the orresponding
inset, where the evolution of the orretion fator is stud-
ied for four elements as a funtion of the neutron num-
ber. In the ase of Cs and Ba the loss of ross setion
due to seondary spallation reations produing lighter
residues is ompensated by the gain of ross setion due
to seondary reations of harge exhange. The uner-
tainty on the orretion fator depends on two quantities.
First, it depends on the unertainty of the alulation of
the total reation ross setions whih, also in this ase,
were obtained from the model of Karol [40℄ modied by
Brohm [41℄, with an unertainty of 5%. Seond, it de-
pends on the unertainty that we attribute to the model
alulation of the nulide-prodution ross setions in the
seondary reations: aording to the simulation of mea-
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FIG. 7: (Color online) (a). Corretion fator for seondary
reations in the dispersive plane (attenuation in the sintil-
lator and the degrader) as a funtion of the mass number of
the residues. The unertainty is indiated by the oloured
band. (b). Corretion fator for seondary reations in the
target area (liquid hydrogen) on a nulide hart; in the inset
it is illustrated for four elements as a funtion of the neutron
number.
sured spallation data (see e.g. Ref. [14℄), we estimated
that this unertainty is as large as 20%. This seond
ontribution most strongly aets the nulides whih are
largely produed by seondary reations and the uner-
tainty is larger for nulides assoiated to smaller orre-
tion fators, as illustrated in the inset of Fig. 7(b).
The experimental method turns out to be limited for
the measurement of neutron-deient residues as their
yields are ompletely dominated by seondary reations.
Yields alimented for more than 50% by seondary rea-
tions were rejeted.
IV. EXPERIMENTAL RESULTS
The average kineti energies were dedued from the
veloity-spae distributions reonstruted dσ/dvb. From
the same unfolding proedure, as disussed in se-
tion III E, the nulide ross setions were obtained from
integrating the reonstruted veloity spetra and or-
reting for seondary reations, so that the prodution
ross setions were dedued as:
σ = I · f
tr
· f
tar
· f
DP
, (9)
where f
tr
is the transmission probability, f
tar
the or-
retion for seondary reations in the target and f
DP
the
orretion for seondary reations in the dispersive plane.
A. Kineti energies
A general survey of the average kineti energy im-
parted to the spallation residues is presented as a fun-
tion of the mass number in Fig. 8, and the data are
listed in table II. It results from the deay kinematis
as well as from the displaement of the emitting soure
in the beam frame as a onsequene of the ollision. The
latter ontribution is shown in a separate spetrum in
Fig. 8. The average kineti energies were dedued from
the veloity-spae distribution reonstruted aording
to the multiple-soure presription desribed in se-
tion IIID up to A = 30. The error bars reet the un-
ertainty in the t of the measured longitudinal-veloity
distribution, the unertainty in the unfolding proedure
and the statistis of the measurement. The enlarging of
the error bars in approahing A = 30 reets the inreas-
ing diulty in applying the multiple-soure presrip-
tion to the measured longitudinal-veloity distribution
whih, beoming gradually loser to a Gaussian distribu-
tion, progressively redues the information for estimating
the asymmetry of the emission kinematis. For masses
larger than A = 30 we swithed to the unique-soure
presription as the measured veloity spetra are in gen-
eral Gaussian-like. The mismath at A = 30 indiates
that the kinematis is still not isotropi in this mass re-
gion and the two approahes are not yet equivalent.
9TABLE II: Kineti energies in the projetile frame averaged
over isobari hains. The unertainty, indiated in paren-
thesis, inludes both statistial and systematial errors and
applies to the last deimal digits.
A E
k
[MeV℄ A E
k
[MeV℄ A E
k
[MeV℄
6 22.87 ± 4.72
7 24.30 ± 5.24
8 26.17 ± 1.11
9 28.50(42)
10 29.73(78)
11 32.17(77)
12 31.81 ± 1.18
13 34.12 ± 1.97
14 32.52 ± 1.53
15 34.06 ± 2.49
16 34.95 ± 1.86
17 33.37 ± 2.73
18 35.39 ± 1.46
19 35.50 ± 3.32
20 35.30 ± 1.89
21 37.26 ± 3.21
22 38.13 ± 1.70
23 36.51 ± 2.80
24 35.62 ± 2.05
25 34.67 ± 2.66
26 34.42 ± 2.35
27 32.99 ± 4.93
28 33.26 ± 2.34
29 31.76 ± 5.34
30 36.2 ± 14.6
31 34.72 ± 3.08
32 33.83 ± 2.89
33 32.49 ± 2.85
34 33.92 ± 2.74
35 32.82 ± 2.21
36 32.31 ± 2.01
37 31.59 ± 1.87
38 32.50 ± 2.18
39 30.65 ± 1.10
40 30.06(93)
41 30.51(76)
42 31.06 ± 1.06
43 30.43 ± 1.31
44 28.31 ± 1.04
45 29.01 ± 1.11
46 27.97(78)
47 27.73(99)
48 26.07(72)
49 26.30(84)
50 26.07(94)
51 25.94(95)
52 25.35(92)
53 24.48(81)
54 23.60(86)
55 22.81(85)
56 21.43(80)
57 20.37(81)
58 19.71(77)
59 18.98(69)
60 18.64(81)
61 17.88(64)
62 17.43(56)
63 17.92(65)
64 17.27(57)
65 16.55(76)
66 15.73(45)
67 16.42(49)
68 15.33(40)
69 15.24(43)
70 14.83(40)
71 14.91(41)
72 14.31(37)
73 13.60(30)
74 13.30(32)
75 13.23(28)
76 12.85(27)
77 12.29(24)
78 12.49(24)
79 12.12(22)
80 11.62(20)
81 11.11(19)
82 11.14(15)
83 10.74(13)
84 10.62(12)
85 10.06(12)
86 9.80(11)
87 9.328(97)
88 8.852(86)
89 8.406(79)
90 7.878(71)
91 7.674(72)
92 7.393(81)
93 7.071(79)
94 6.824(67)
95 6.476(61)
96 6.384(61)
97 6.146(59)
98 5.994(51)
99 5.844(61)
100 5.651(59)
101 5.531(51)
102 5.270(52)
103 5.221(52)
104 4.903(47)
105 4.815(46)
106 4.614(43)
107 4.462(40)
108 4.285(39)
109 4.157(36)
110 3.991(39)
111 3.812(35)
112 3.638(27)
113 3.499(31)
114 3.374(28)
115 3.220(28)
116 3.058(26)
117 2.915(24)
118 2.796(23)
119 2.592(18)
120 2.419(20)
121 2.284(18)
122 2.104(16)
123 2.006(15)
124 1.808(14)
125 1.749(13)
126 1.526(11)
127 1.4158(95)
128 1.2543(78)
129 1.2044(75)
130 1.0130(54)
131 1.0008(58)
132 0.7930(30)
133 0.7536(37)
134 0.7429(10)
135 0.63480(82)
For the heaviest fragments, whih are haraterised
by measured longitudinal veloity spetra with Gaus-
sian shape, of width σv and mean value 〈v
b
‖ 〉, the kineti
energy is given by E
k
= (1/2)m0A(〈v
b
‖ 〉
2 + 3σ2v). The
heaviest fragments are qualitatively onsistent with the
systematis of Morrissey [38℄, whih was dedued from
residues of sequential evaporation in very peripheral ion-
ion ollisions. This systematis orrelates the mean value
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FIG. 8: (Color online) The distribution of mean kineti en-
ergies in the projetile frame averaged over isobari hains is
represented by the upper diagram. The lower spetrum indi-
ates the ontribution to the mean kineti energy that is at-
tributed to the mean momentum transfer during the impat.
The dierene between the two spetra is the kineti energy
gained in the deay. The error bars inlude both statistial
and systematial errors. A vertial line separates the por-
tion of the upper spetrum related to fragments lighter than
A = 30, evaluated aording to the multiple-soure presrip-
tion, from the rest of the spetrum, evaluated aording to the
unique-soure presription. The diagram is divided in two
parts orresponding to half the mass of the projetile. In the
heavier-mass portion both experimental spetra are ompared
with the Morrissey systematis [38℄ (dashed line).
and the width of the momentum-transfer distribution in
the projetile frame to the mass loss and to the square
root of the mass loss, respetively.
B. Prodution ross setions
The experimental prodution ross setions are ol-
leted in table III and IV and shown as isotopi distribu-
tions in Fig. 9 and Fig. 10. Despite an eort in measur-
ing the ross setions down to the mirobarn level, the
measurement of very low ross setions was, for neutron-
deient nulides, hindered by large feeding from se-
ondary reations in the target. The unertainty, rarely
exeeding 15% for the lightest nulides and below 10%
on average for the heavy nulides aounts for all statis-
tial and systematial ontributions: statistis, analysis
and tting of the veloity spetra, the proedure of ve-
loity reonstrution (reeted in the unertainty of the
transmission probability), alibration of the beam mon-
itor, seondary reations in the target and in the beam
line. The formation ross setions were dedued for eah
measured nulide, for the intermediate-mass fragments,
for the heavy residues, and even for the prodution of
10
TABLE III: Isotopi ross setions for the prodution of elements ranging from Li to T. The unertainty inludes statistial
and systematial errors. Where indiated in parenthesis, it applies to the last deimal digits.
A σ [mb℄ A σ [mb℄ A σ [mb℄ A σ [mb℄ A σ [mb℄ A σ [mb℄ A σ [mb℄
Li
6 10.12(59)
7 19.0 ± 1.1
8 3.90(30)
Be
9 4.20(25)
10 4.61(28)
11 0.290(23)
12 0.142(10)
B
10 1.131(73)
11 4.88(29)
12 1.33(10)
13 0.406(27)
C
11 0.212(28)
12 1.528(92)
13 2.15(13)
14 1.65(12)
15 0.176(27)
N
13 0.0241(28)
14 0.446(33)
15 1.85(13)
16 0.499(38)
17 0.276(50)
O
15 0.039(13)
16 0.603(40)
17 0.534(38)
18 0.656(50)
19 0.256(33)
F
17 0.00925(79)
18 0.095(10)
19 0.388(28)
20 0.494(44)
21 0.404(70)
Ne
19 0.0068(24)
20 0.126(13)
21 0.336(28)
22 0.538(44)
23 0.247(45)
Na
22 0.0677(80)
23 0.321(22)
24 0.305(21)
25 0.282(35)
Mg
23 0.00559(46)
24 0.1196(91)
25 0.271(27)
26 0.394(44)
27 0.242(72)
Al
25 0.0015(38)
26 0.0453(56)
27 0.271(29)
28 0.294(34)
29 0.268(31)
30 0.092(13)
Si
28 0.080(11)
29 0.199(27)
30 0.427(53)
31 0.199(22)
32 0.113(16)
P
30 0.0135(22)
31 0.164(11)
32 0.278(18)
33 0.259(17)
34 0.1253(97)
S
32 0.0201(17)
33 0.1155(75)
34 0.285(18)
35 0.240(16)
36 0.159(12)
37 0.0591(56)
38 0.0244(32)
Cl
34 0.00737(61)
35 0.0854(57)
36 0.184(12)
37 0.245(16)
38 0.139(10)
39 0.0774(68)
40 0.0358(40)
Ar
36 0.0059(11)
37 0.0564(44)
38 0.185(12)
39 0.218(15)
40 0.165(12)
41 0.0910(73)
42 0.0415(43)
43 0.0167(24)
K
39 0.0399(36)
40 0.1328(92)
41 0.198(14)
42 0.162(12)
43 0.1108(86)
44 0.0473(47)
45 0.0201(27)
Ca
41 0.0336(31)
42 0.1245(89)
43 0.204(14)
44 0.196(14)
45 0.1149(87)
46 0.0560(51)
47 0.0241(28)
S
43 0.0168(23)
44 0.0862(67)
45 0.188(13)
46 0.177(13)
47 0.1323(99)
48 0.0665(58)
49 0.0251(30)
50 0.0074(14)
Ti
45 0.0118(16)
46 0.0778(62)
47 0.159(12)
48 0.177(13)
49 0.1263(95)
50 0.0699(59)
51 0.0254(29)
52 0.0104(16)
V
46 0.00030(12)
47 0.0099(14)
48 0.0492(63)
49 0.137(17)
50 0.172(20)
51 0.141(18)
52 0.071(11)
53 0.0403(78)
54 0.0143(41)
55 0.0054(23)
Cr
49 0.0049(12)
50 0.0415(92)
51 0.131(27)
52 0.196(40)
53 0.149(31)
54 0.096(20)
55 0.0410(84)
56 0.0181(37)
57 0.0077(16)
Mn
50 0.000280(81)
51 0.0053(14)
52 0.0384(93)
53 0.131(27)
54 0.189(39)
55 0.174(36)
56 0.098(20)
57 0.058(12)
58 0.0227(47)
59 0.0092(19)
60 0.00333(69)
Fe
55 0.116(10)
56 0.226(17)
57 0.193(15)
58 0.144(11)
59 0.0648(56)
60 0.0306(29)
61 0.0134(15)
62 0.00433(52)
Co
57 0.079(10)
58 0.174(14)
59 0.220(17)
60 0.155(12)
61 0.0863(72)
62 0.0390(36)
63 0.0200(19)
64 0.00687(90)
65 0.0036(14)
Ni
59 0.0619(44)
60 0.187(20)
61 0.226(20)
62 0.182(16)
63 0.103(10)
64 0.0561(66)
65 0.0250(31)
66 0.0094(11)
67 0.00352(48)
Cu
60 0.00845(71)
61 0.0585(43)
62 0.157(11)
63 0.221(16)
64 0.194(14)
65 0.1203(98)
66 0.0689(66)
67 0.0321(41)
68 0.0126(16)
69 0.00572(62)
70 0.00136(42)
Zn
62 0.0049(13)
63 0.0393(46)
64 0.145(11)
65 0.233(17)
66 0.254(18)
67 0.173(13)
68 0.1044(85)
69 0.0495(50)
70 0.0216(26)
71 0.00798(88)
72 0.00311(38)
Ga
66 0.096(12)
67 0.238(18)
68 0.288(20)
69 0.245(17)
70 0.156(11)
71 0.0830(69)
72 0.0413(36)
73 0.0173(15)
74 0.00639(61)
75 0.00223(28)
Ge
68 0.084(12)
69 0.251(20)
70 0.334(24)
71 0.295(20)
72 0.223(15)
73 0.1293(91)
74 0.0619(47)
75 0.0272(21)
76 0.01013(87)
77 0.00309(37)
As
70 0.0713(88)
71 0.220(18)
72 0.347(24)
73 0.374(25)
74 0.270(18)
75 0.199(13)
76 0.1025(67)
77 0.0500(34)
78 0.0198(14)
79 0.00706(60)
80 0.00291(44)
81 0.00104(52)
Se
72 0.0653(97)
73 0.229(18)
74 0.422(30)
75 0.407(31)
76 0.322(28)
77 0.208(19)
78 0.150(10)
79 0.0820(51)
80 0.0362(23)
81 0.01303(92)
82 0.00449(39)
83 0.00098(19)
Br
74 0.0377(87)
75 0.216(17)
76 0.428(29)
77 0.510(37)
78 0.387(34)
79 0.347(25)
80 0.223(14)
81 0.1365(83)
82 0.0583(36)
83 0.0244(16)
84 0.00833(60)
85 0.00221(23)
Kr
76 0.0343(90)
77 0.204(16)
78 0.484(33)
79 0.574(44)
80 0.605(43)
81 0.501(31)
82 0.358(21)
83 0.212(12)
84 0.1036(61)
85 0.0413(25)
86 0.01469(96)
87 0.00536(41)
88 0.00158(36)
Rb
79 0.158(15)
80 0.398(33)
81 0.690(50)
82 0.778(49)
83 0.747(44)
84 0.530(30)
85 0.348(20)
86 0.1747(99)
87 0.0708(41)
88 0.0272(16)
89 0.01024(68)
90 0.00361(31)
Sr
81 0.084(22)
82 0.360(46)
83 0.795(59)
84 1.058(67)
85 1.049(60)
86 0.822(46)
87 0.526(29)
88 0.277(15)
89 0.1283(71)
90 0.0512(29)
91 0.0202(12)
92 0.00792(55)
93 0.00270(34)
Y
84 0.307(41)
85 0.800(65)
86 1.298(80)
87 1.436(82)
88 1.197(65)
89 0.796(43)
90 0.440(24)
91 0.218(12)
92 0.0978(53)
93 0.0446(25)
94 0.01625(97)
95 0.00596(44)
96 0.00228(28)
Zr
86 0.188(46)
87 1.060(81)
88 1.51(10)
89 1.87(11)
90 1.587(86)
91 1.069(56)
92 0.675(36)
93 0.383(20)
94 0.195(10)
95 0.0885(47)
96 0.0383(21)
97 0.01513(91)
98 0.00549(47)
99 0.00114(27)
Nb
87 0.045(14)
88 0.324(39)
89 1.067(87)
90 2.28(13)
91 2.70(15)
92 1.813(96)
93 1.440(75)
94 0.984(51)
95 0.647(34)
96 0.351(18)
97 0.1731(90)
98 0.0792(42)
99 0.0338(19)
100 0.01338(82)
Mo
90 0.269(47)
91 1.205(96)
92 2.54(16)
93 3.16(17)
94 2.62(14)
95 2.05(11)
96 1.299(67)
97 0.912(47)
98 0.574(30)
99 0.303(16)
100 0.1451(75)
101 0.0678(36)
102 0.0306(17)
103 0.01050(73)
104 0.00378(52)
T
92 0.301(37)
93 1.23(10)
94 2.87(16)
95 3.79(20)
96 3.51(19)
97 3.19(17)
98 2.44(13)
99 1.772(94)
100 1.115(61)
101 0.677(38)
102 0.351(21)
103 0.165(11)
104 0.0705(58)
105 0.0287(33)
106 0.0101(23)
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TABLE IV: Isotopi ross setions for the prodution of elements ranging from Ru to Ba. The unertainty inludes both
statistial and systematial errors. Where indiated in parenthesis, it applies to the last deimal digits. Underlined values are
dedued from systematis.
A σ [mb℄ A σ [mb℄ A σ [mb℄ A σ [mb℄ A σ [mb℄ A σ [mb℄
Ru
95 1.174(85)
96 2.99(17)
97 4.42(23)
98 4.66(24)
99 4.29(22)
100 3.85(20)
101 2.86(15)
102 1.92(10)
103 1.142(62)
104 0.632(36)
105 0.321(19)
106 0.157(11)
107 0.0581(53)
108 0.0246(59)
109 0.0053(23)
Rh
97 0.961(85)
98 2.69(16)
99 4.91(26)
100 5.63(29)
101 5.75(30)
102 5.19(27)
103 4.30(22)
104 3.08(16)
105 2.07(11)
106 1.230(66)
107 0.702(39)
108 0.336(20)
109 0.163(11)
110 0.0674(54)
111 0.0256(41)
Pd
99 0.722(70)
100 2.49(15)
101 4.94(26)
102 6.85(35)
103 6.91(36)
104 7.07(36)
105 6.11(31)
106 4.79(25)
107 3.35(17)
108 2.22(12)
109 1.322(71)
110 0.698(38)
111 0.348(20)
112 0.163(11)
113 0.0744(59)
114 0.0317(33)
115 0.0140(84)
A
101 0.480(53)
102 1.95(12)
103 4.77(25)
104 7.21(37)
105 8.19(42)
106 8.56(44)
107 8.14(42)
108 6.80(35)
109 5.40(28)
110 3.72(19)
111 2.49(13)
112 1.428(76)
113 0.844(46)
114 0.405(23)
115 0.232(14)
116 0.1067(79)
117 0.0468(43)
118 0.0197(35)
119 0.0087(17)
120 0.00348(74)
121 0.001550(93)
122 0.000420(37)
Cd
104 1.26(11)
105 3.80(22)
106 7.06(37)
107 8.49(44)
108 9.73(50)
109 10.03(51)
110 9.04(46)
111 7.55(39)
112 5.79(30)
113 4.08(21)
114 2.70(14)
115 1.645(86)
116 0.929(50)
117 0.547(30)
118 0.281(16)
119 0.1341(90)
120 0.0660(60)
121 0.0288(46)
122 0.0121(12)
123 0.0050(10)
124 0.00194(37)
125 0.000690(61)
In
105 0.092(24)
106 0.760(59)
107 2.72(15)
108 5.81(31)
109 8.49(44)
110 9.87(51)
111 11.37(58)
112 11.00(56)
113 10.14(52)
114 8.43(43)
115 6.46(33)
116 4.79(25)
117 3.24(17)
118 2.05(11)
119 1.331(70)
120 0.755(40)
121 0.438(24)
122 0.249(15)
123 0.1320(82)
124 0.0580(61)
125 0.0290(41)
126 0.0128(15)
127 0.00420(23)
Sn
108 0.358(31)
109 1.628(94)
110 4.34(23)
111 7.38(38)
112 9.48(49)
113 11.77(60)
114 12.49(64)
115 12.43(63)
116 11.45(58)
117 9.58(49)
118 7.80(40)
119 5.85(30)
120 4.15(21)
121 2.79(14)
122 1.914(99)
123 1.232(64)
124 0.717(39)
125 0.418(24)
126 0.227(12)
127 0.106(11)
128 0.0517(59)
129 0.0198(11)
130 0.00560(33)
Sb
110 0.1330(87)
111 0.664(38)
112 2.23(12)
113 4.85(25)
114 6.85(35)
115 10.01(51)
116 11.86(60)
117 13.33(68)
118 13.29(68)
119 12.80(65)
120 11.21(57)
121 9.92(50)
122 7.82(40)
123 6.07(31)
124 4.76(24)
125 3.46(18)
126 2.41(12)
127 1.677(87)
128 1.040(56)
129 0.542(29)
130 0.290(15)
131 0.1414(75)
132 0.0396(20)
Te
111 0.00777(63)
112 0.0565(35)
113 0.289(16)
114 1.152(61)
115 2.97(15)
116 4.76(25)
117 7.37(38)
118 9.88(50)
119 11.68(59)
120 13.44(68)
121 14.39(73)
122 14.09(71)
123 13.88(70)
124 12.44(63)
125 11.00(56)
126 9.44(48)
127 8.42(43)
128 6.68(34)
129 5.26(27)
130 4.26(22)
131 3.41(17)
132 2.87(15)
133 1.249(65)
134 0.305(15)
I
113 0.00122(17)
114 0.0107(10)
115 0.0798(53)
116 0.448(26)
117 1.247(67)
118 2.31(12)
119 4.09(21)
120 6.00(31)
121 8.48(43)
122 10.11(51)
123 12.76(65)
124 13.24(67)
125 15.39(78)
126 14.97(76)
127 16.51(84)
128 14.85(75)
129 17.12(87)
130 14.66(74)
131 16.38(83)
132 14.53(73)
133 15.40(78)
134 21.9± 1.1
135 23.6± 1.2
Xe
116 0.00258(35)
117 0.0188(19)
118 0.121(18)
119 0.395(23)
120 0.954(52)
121 1.594(85)
122 2.86(15)
123 3.92(20)
124 5.76(30)
125 6.98(36)
126 9.10(46)
127 10.27(52)
128 12.71(64)
129 13.63(69)
130 15.79(80)
131 17.34(88)
132 21.2± 1.1
133 23.3± 1.2
134 31.5± 1.6
135 54.7± 2.8
Cs
122 0.145(11)
123 0.275(18)
124 0.536(32)
125 0.773(43)
126 1.153(63)
127 1.525(81)
128 1.95(10)
129 2.28(12)
130 2.81(15)
131 2.97(15)
132 3.12(16)
133 2.94(15)
134 2.65(14)
135 1.415(73)
136 0.499(28)
Ba
127 0.0242(37)
128 0.0326(47)
129 0.0381(45)
130 0.0267(39)
131 0.0228(36)
132 0.0147(29)
two elements, esium and barium, by harge exhange.
Integrating all measured prodution ross setions, a
value of 1393± 72 [mb℄ was obtained. Deduing the to-
tal reation ross setion is not straight-forward, beause
the multipliity of produts from binary deays and mul-
tifragmentation is larger than one. In addition, prod-
uts with Z < 3 are not observed. When we assume
that produts with Z < 3 are always aompanied by
heaver fragments, the sum of the measured prodution
ross setion is an upper estimate of the total interation
ross setion. The geometri ross setion alulated by
the model of Karol [40℄ modied by Brohm [41℄, whih is
1353 [mb℄, is onsistent with our result.
The prodution ross setions are summarised on the
nulide hart and represented with projetions along the
element and neutron number in Fig. 11. The general fea-
ture is the U-shape of the element- and neutron-number
distributions, whih range over about two orders of mag-
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FIG. 9: Prodution ross setions for the isotopes of elements ranging from Li to Ge.
nitude.
A more detailed survey of the distribution of nulide
ross setions reveals the presene of staggering eets.
In the region of the light nulides, these are visible in the
harge and neutron-number distributions (Fig. 11), and
even more learly in the distribution of prodution ross
setions for spei values of N−Z, as shown in Fig. 13a;
the staggering is also visible in the isotopi distribution
of the heaviest residues like xenon and iodine, as shown
in Fig. 13.
V. DISCUSSION
Without entering into the disussion on the phe-
nomenology of the reation, whih is beyond the purpose
of this report, we onlude by pointing out some physis
ases whih will be the subjet of further researh.
A. Overview of the prodution of nulides
From the overview of the whole prodution of nu-
lides we infer some general aspets of the deay pro-
ess. The largest fration of the reation ross setion re-
sults in the prodution of heavy spallation residues, lose
to the mass of the projetile, whih deays by evapora-
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FIG. 10: Prodution ross setions for the isotopes of elements ranging from As to Ba. Cross setions indiated by irles were
dedued from systematis.
tion of mostly nuleons and lusters. This fration pop-
ulates the neutron-deient side of the hart of the nu-
lides, in agreement with the lassi piture of spallation-
evaporation: quite independently of the neutron enrih-
ment of the hot spallation residues, the sequential evap-
oration proess tends to diret the deay towards the
residue orridor [46℄; in the region of heavy nulides,
this is loated in the neutron-deient side of the nulide
hart and orresponds to the situation whih ould be
desribed as [47℄ dN/dZ = 〈ΓN/ΓZ〉, where ΓZ and ΓN
are the proton and neutron emission widths, respetively.
Also, the evolution of the ross setion with mass loss
onrms the physial piture for the heavy spallation
produts drawn from previous experiments with neutron-
rih systems [11℄. Fig. 14 illustrates the lose similarity of
the
136
Xe(1AGeV)+p system with the heavy-residue pro-
dution in
208
Pb(1AGeV)+p. The ross setion evolves as
a funtion of mass loss with very similar harateristis
for the two systems: a steep fall desribes the loss of the
rst few (less than ten) mass units; a plateau follows and
hanges gradually into an almost exponential desent be-
yond around ∆A = 40 with an almost idential slope for
both systems
208
Pb(1AGeV) + p and
136
Xe(1AGeV) + p .
Beyond ∆A = 70, abruptly, the two systems follow dif-
ferent rules, aording to the dierent deay proesses
whih aliment the largest mass losses: symmetri binary
splits are responsible for a signiantly larger ross se-
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FIG. 11: (Color online) Nulide prodution ross setions
represented on the nulide hart. Colours vary aording to
a logarithmi sale. The lower panel presents the projetions
of the residue-prodution ross setions along the atomi and
neutron number. The harge-exhange ontribution is also
indiated in the projetions.
tion for the former system, whih results in a large s-
sion hump, while, for the latter system, the intermediate-
mass-fragment prodution models the mass distribution
in the shape of a deep hollow.
This sudden hange of behaviour for large mass loss
is also reeted in the average neutron-to-proton ratio
〈N/Z〉 of the residues, the evolution of whih is shown in
Fig. 12. In the region of the heaviest residues, above tin,
the evolution with the element number of the quantity
〈N/Z〉, whih indiates the ridge of the residue produ-
tion, is ompatible with an evaporation alulation where
only neutrons, protons and alpha partiles are emitted.
As shown in the gure, the ridge alulated within this
simplied evaporation pattern would evolve for light ele-
ments towards the residue orridor. However, the quan-
tity 〈N/Z〉 deviates from the neutron-deient side of
the hart of the nulides around zironium and migrates
progressively towards the neutron-rih side for lighter
residues. The lightest residues even populate the neutron
rih side of the nulide hart with respet to the stability
valley. Values of 〈N/Z〉 onneted with the neutron-rih
side of the hart of the nulides are a property of ssion
deays as well as the result of the multifragmentation of
a neutron-rih soure [48℄.
B. Staggering of nulide ross setions
The ross setion osillates between neighbouring nu-
lides signing the presene of strong ne-struture ef-
fets. As shown in Fig. 13a, the ne struture manifests
over hains on nulides with the same value of N − Z.
An even-odd staggering haraterises hains of nulides
havingN−Z ≤ 0. ForN−Z > 0, the staggering is even-
odd, with a higher prodution of even nulides, for all
hains of even value of N − Z, but it reverses, with a
higher prodution of odd nulides, for odd values ofN−Z
for neutron-rih nulides. The amplitude of the stagger-
ing an be alulated with the proedure introdued by
Tray [49℄, like in the analysis of the residue prodution
from fragmentation reations in Ref. [50℄. The result of
the Tray analysis applied to the ross setions of Fig. 13a
is shown in Fig. 13b. The highest amplitude of the even-
odd staggering is measured for the hain N−Z = 0, and
it may exeed 40%. A lower, but still large amplitude of
the even-odd staggering haraterises the other even
value of N −Z: it evolves from 30% to 10% for the hain
N − Z = 2, below hlorine. A similar evolution of the
amplitude an be appreiated for the inverse even-odd
staggering, whih haraterises the hains with odd val-
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FIG. 12: (Color online) Evolution of the quantity 〈N/Z〉
as a funtion of the element number. The dashed line is a
alulation where evaporation was limited to the emission of
neutrons, protons, and alpha partiles.
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ues of N − Z > 0, like N − Z = 3. In the regions of the
hart of nulides where the neutron-rih side is more pop-
ulated than the neutron-deient side, if ne-struture
eets are present, they amplify in an even-odd stag-
gering when the nulide ross setions are projeted on
the neutron-number axis, and they ompensate, resulting
in a smoothed staggering, when projeted on the atomi-
number axis. The atomi- and neutron-number proje-
tions shown in Fig. 11 manifest this phenomenology: the
strong even-odd staggering haraterising the neutron-
number distribution appears in orrespondene with por-
tions of the hart of nulides where neutron-rih sides are
most populated; these are two regions: the intermediate-
mass fragments and the very heavy nulides. These re-
gions an be easily identied in Fig. 12.
The staggering is understandable in relation with the
deay proess. Conerning the region of intermediate-
mass fragments, previous measurements of highly exited
systems [50, 51℄ already revealed the same kind of stag-
gering. It was suggested that the eet should be related
to the reonstitution of ne-struture eets in the level
densities during the ooling of the nuleus. In partiu-
lar, the formation of the intermediate-mass fragments is
onsistent with a proess ending with at least few evap-
oration steps whih are responsible for the appearing of
the staggering. Conerning the heaviest elements, mostly
xenon and iodine, we observe an even-odd staggering
along the isotopi distribution with an amplitude ap-
proahing a value of 8% in the ase of iodine, as shown
in Fig. 13 and Fig. 13d. This feature is onsistent with
an almost omplete survival of pairing orrelations due
to the low angular momentum whih haraterises the
prodution of the heaviest fragments [52, 53℄.
C. Hints on the reation mehanism
The kineti energies of the fragments give hints on the
reation kinematis. As shown in Fig. 8, the part of the
experimental spetrum related to the intermediate-mass-
fragment prodution deviates in favour of very high ki-
neti energies from the systematis, whih desribes the
ontribution from the heaviest residue of one deay se-
quene, haraterised by a larger number of small reoils
from evaporation of partiles and light fragments. In the
part of the spetrum where the mass of the residues is
lower than half the mass of the projetile, the deviation
from the systematis is due to the predominant ontribu-
tion of the light partner of a binary deay or a produt
of a multifagmentation event haraterised by a high ki-
neti energy. We may remark that also the U-shape of the
mass distribution, like the extension of the prodution to
rather neutron-rih nulides, are properties of multifrag-
mentation as well as ssion below the Businaro-Gallone
point.
Conerning the evolution of prodution ross setion
as a funtion of the mass loss, shown in Fig. 14, we pro-
pose a omparison of the slope of the mass-loss distribu-
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FIG. 13: (Color online) (a). An even-odd staggering in the
prodution ross setion of the residues manifests for hains of
even value of N−Z with a higher prodution of even nulides,
and it reverses, with a higher prodution of odd nulides, for
odd values of N − Z for neutron-rih nulides. (b). Stagger-
ing amplitude of the ross setions shown in (a) analysed by
the method of Tray [49℄. It is positive when the staggering
is even-odd and negative when the staggering reverses. ().
Even-odd staggering in the prodution ross setions of the
isotopes of xenon and iodine in
136
Xe(1AGeV) + p . (d). Stag-
gering amplitude of the ross setions shown in () analysed
by the method of Tray [49℄.
tion for the heavy-fragment side of the minimum, with
a simplied evaporation alulation limited to the emis-
sion of neutrons, protons and alpha partiles. This side
of the spetrum may be taken as a referene for test-
ing the validity of asade models, due to its sensitivity
to the exitation energy introdued into the system by
the ollision. However, in this energy range, the funtion
we estimated (dashed line in Fig. 14) underpredits the
measured spetrum. The high kineti energies of the light
residues and the U-shape of the spetrum, suggest that
the intermediate-mass-fragment prodution is mostly al-
imented by asymmetri splits of heavy nulei and, there-
fore, the dierene between the measured desent of the
mass-loss distribution in the range ∆A = 40 to 70 and
the simplied evaporation alulation orresponds to the
heavy partners of light fragments originating from asym-
metri splits.
It is possible that this explanation, already pro-
posed for lighter systems like
56
Fe(1AGeV) + p [18℄
is rather general and desribes also heavier systems
at the energy range of 1 GeV per nuleon like, for
instane, the
208
Pb(1AGeV) + p system. The spei-
ity of
136
Xe(1AGeV) + p as ompared to the previ-
ous study of lead onsists in the possibility to anal-
yse the intermediate-mass-fragment prodution. The
omparison of the two systems suggests that a simi-
lar intermediate-mass-fragment prodution ould hara-
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terise also the
208
Pb(1AGeV) + p system and inrease the
prodution ross setion in the range ∆A = 40 to 70.
VI. CONCLUSIONS
The prodution ross setions of fully identied nu-
lides produed in the system
136
Xe(1AGeV)+p were mea-
sured overing the element range from lithium to barium.
The measurement of the kineti energies imparted to the
emitted residues ompletes the set of experimental data
whih is of high relevane both for appliations, like the
damage and ativation of irradiated materials, and, more
generally, for the modelling of spallation reations.
The present measurement enables the rst full sur-
vey of intermediate-mass-fragment ross setions mea-
sured together with the heavy-fragment prodution in
the deay of a neutron-rih system in the ssility region
where asymmetri splits are predominant. The proess of
heavy-fragment formation in the system
136
Xe(1AGeV) +
p, determined mostly by sequential evaporation presents
a phenomenology already observed in the deay of
neutron-rih systems and establishes a diret onnetion
with the system
208
Pb(1AGeV)+p , measured in a former
experiment [8℄. The intermediate-mass-fragment produ-
tion realls the phenomenology observed in the system
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FIG. 14: (Color online) Mass-loss distribution of produ-
tion ross setions. The experimental results obtained in
the present work for the system
136
Xe(1AGeV) + p are om-
pared with the experimental results measured for the system
208
Pb(1AGeV) + p [8℄ and with a alulation where evapora-
tion is limited to the emission of neutrons, protons, and alpha
partiles for
136
Xe(1AGeV) + p (dashed line).
56
Fe(1AGeV)+p , resumed by the U-shape of the mass dis-
tribution and the very high kineti energies whih har-
aterise the proess [18℄. These omparisons even sug-
gest extending the desription of the intermediate-mass-
fragment formation, rstly proposed for light system and
onrmed in the present work for the deay of xenon, also
to the heavier neutron-rih systems, in the ssility region
where symmetri splits are largely more probable than
asymmetri splits. As an extreme ase, the light nulide
formation haraterising
238
U(1AGeV) + p [14℄ may be
explained by a similar senario.
In this respet, the system
136
Xe(1AGeV) + p is a rep-
resentative system for studying the intermediate-mass-
fragment formation in onnetion with the spallation pro-
ess indued by protons in the 1 A GeV energy range on
neutron-rih targets; we propose it as a benhmark for
testing the validity of models for spallation reations over
a large range of residue masses and harges. A orret
identiation of the proess of formation of intermediate-
mass fragments requires a dediated analysis of the re-
ation kinematis and of the role of the Coulomb repul-
sion, as well as an exlusive measurement of orrelation
observables, and is a perspetive for future researh.
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